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The scientific and regulatory communities
are concerned about potential neoplastic and
non-neoplastic health effects of inhaled par-
ticles in humans. To date, much of the
experimental data on chronic health effects
of inhaled particles come from rats.
However, an interspecies difference in
response, with rats but not mice showing an
increased incidence of lung tumors, has been
shown for a number of relatively insoluble
particles [reviewed by Nikula (1)] including
talc (2), carbon black (3), titanium dioxide
(3), silica (4), nickel subsulﬁde (5), cadmium
sulfate (6,7), cadmium sulfide (6,7), and
cadmium chloride (6,7). Several chronic
inhalation bioassays of diesel exhaust in rats,
Syrian hamsters, and mice have been con-
ducted [reviewed by Nikula (1)]. These
bioassays have consistently shown that diesel
exhaust, inhaled chronically at high concen-
trations, causes increased incidences of lung
tumors in rats. Exposures resulting in an
increased incidence of lung tumors in rats also
caused progressive soot accumulation, primar-
ily within alveolar macrophages, alveolar
epithelial hyperplasia, chronic-active inﬂam-
mation, focal ﬁbrosis, and epithelial metapla-
sia. None of the studies using Syrian hamsters
has demonstrated a diesel exhaust-related
increase in lung tumors, although soot accu-
mulated in hamster lungs. Mild bronchiolar-
alveolar hyperplasia, which was much less
severe than in comparably exposed rats, has
been observed in hamsters that chronically
inhaled diesel exhaust (8). 
Inconsistent results have been obtained
in studies using mice. Incidences of lung
tumors increased in some female groups of
strain A and Sencar mice, strains sensitive to
chemical carcinogenesis, but results have
been generally negative in other strains.
Lung tumors were not increased in male
and female CD-1 mice exposed to diesel
exhaust under conditions identical to those
that were carcinogenic to rats (9). These
mice progressively accumulated soot, pri-
marily in alveolar macrophages, and septal
fibrosis and bronchiolization of alveolar
ducts were observed in areas of soot accu-
mulation. However, the amounts of inﬂam-
mation and epithelial hyperplasia were less
in mice than in rats (9,10). These results
from studies using diesel exhaust and other
particles have raised concerns that rats may
be more prone than other species to develop
persistent pulmonary epithelial hyperplasia,
metaplasia, and tumors in response to
inhaled particles.
Considerable effort has been expended in
measuring and modeling pulmonary deposi-
tion of inhaled particles in rodents and other
species, and several excellent reviews have
been written [e.g., Miller (11)]. However,
chronic lung tissue responses to inhaled par-
ticles, especially those that are not highly
reactive or toxic, may depend more on
anatomic sites of particle retention than on
sites of initial deposition. Anatomical differ-
ences between rats and primates (humans
and nonhumans) could affect sites of long-
term particle retention. The functional unit
of the lung, the acinus, is composed of the
terminal bronchiole and the air spaces it sup-
plies (12). Because rats lack respiratory bron-
chioles, they have simple acini. Species with
branching respiratory bronchioles between
the terminal bronchiole and alveolar ducts
have more complex acini. Macaque monkeys
and humans have similar numbers of genera-
tions of respiratory bronchioles between the
terminal bronchiole and alveolar ducts
(13,14), and they have larger alveoli and
alveolar ducts than rats (15). Therefore,
monkeys and humans have more complex,
larger acini than rats. 
The amount of interstitial connective tis-
sue in the lung also differs, with rats having
less and primates more. A greater portion of
the pulmonary parenchyma (composed of air
in alveoli and ducts, capillary blood, and sep-
tal tissue) is composed of septal tissue in rhe-
sus monkeys and humans than in rats
(16–19). In primates, lymphatic vessels exist
at the alveolar level adjacent to the respiratory
bronchioles (20,21). Accumulation of dust-
containing macrophages in the loose connec-
tive tissue surrounding these lymphatics may
be an event in the formation of coal macules
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Differences among species in the anatomic sites of particle retention could inﬂuence responses to
inhaled particles. In this study, we used morphometric techniques to examine the influence of
exposure concentration on particle retention in histologic sections from rats and humans. The
rats had been exposed for 24 months to diesel exhaust at 0.35, 3.5, or 7.0 mg soot/m3. The
human subjects were nonsmokers who did not work as miners, nonsmoking coal miners who
worked under the current standard of ≤ 2 mg dust/m3 for 10–20 years (mean = 14 years), and
nonsmoking coal miners who worked under the former standard of < 10 mg dust/m3 for 33–50
years (mean = 40 years). The distribution of retained particles within the lung compartments was
markedly different between species. In all three groups of rats, 82–85% of the retained particulate
material was located in the alveolar and alveolar duct lumens, primarily in macrophages. In
humans, 57, 68, and 91% of the retained particulate material was located in the interstitium of
the lung in the nonminers, coal miners under the current standard, and coal miners under the
former standard, respectively. These results show that chronically inhaled diesel soot is retained
predominately in the airspaces of rats over a wide range of exposures, whereas in humans, chroni-
cally inhaled particulate material is retained primarily in the interstitium. In humans, the percent-
age of particles in the interstitium is increased with increased dose (exposure concentration, years
of exposure, and/or lung burden). This difference in distribution may bring different lung cells
into contact with the retained particles or particle-containing macrophages in rats and humans
and may account for differences in species response to inhaled particles. Key words: coal dust,
diesel soot, lung, particles. Environ Health Perspect 109:311–318 (2001). [Online 7 March 2001]
http://ehpnet1.niehs.nih.gov/docs/2001/109p311-318nikula/abstract.html
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Articlesin coal workers’ lungs (22). In rats, which lack
respiratory bronchioles, lymphatic vessels are
located adjacent to the terminal bronchioles,
but not at the alveolar level. Finally, rats have
thin pleura, relatively few pleural lymphatics,
and no interlobular connective tissue, whereas
humans have thick pleura, relatively abundant
pleural lymphatics, and abundant interlobular
connective tissue (23–25). Nonhuman pri-
mates generally have thicker pleura and more
pleural lymphatics than rats; they have scant
interlobular connective tissue (23,26).
Although rats and primates differ anatomi-
cally, the structural differences may not be the
sole explanation for differences in particle
retention. Differences in clearance kinetics
will also inﬂuence sites of long-term particle
retention (11). However, it is likely that many
differences in clearance kinetics among species
are related to differences in respiratory tract
anatomy (27).
Rats and monkeys differ in anatomic pat-
terns of particle retention in the lungs after
identical exposures to diesel exhaust or coal
dust (CD) at a single exposure concentration
(2 mg/m3) for 2 years (28). However, within
each species, the pattern of particle retention
does not differ by particle type (diesel soot or
CD) (28). At this single exposure concentra-
tion, F344 rats retain particles of diesel soot
and CD primarily within macrophages
located within the lumens of alveolar ducts
and alveoli. Identically exposed cynomolgus
monkeys retain the diesel soot and CD parti-
cles primarily within macrophages located in
the pulmonary interstitium. The interstitial
sites with the greatest particle accumulation,
in descending order of amount, in the mon-
keys are the alveolar septa, pleura, interstitium
of respiratory bronchioles, and perivascular
interstitium.
The purpose of the present study was to
extend our morphometric examinations of
particle retention in rats and monkeys to
humans. We also examined the inﬂuence of
exposure concentration or lung burden on
the distribution of retained particles in rat
and human lungs.
Materials and Methods
Rat lung tissues and exposures. The histo-
logic sections of rat lung examined for the
present study were from an interim sacriﬁce
that was part of the Mauderly et al. (29)
bioassay of F344 rats exposed 7 hr/day, 5
days/week for up to 30 months to diluted,
whole diesel exhaust at soot concentrations
of 0.35, 3.5, or 7.0 mg soot/m3. These
groups are referred to as low, medium, and
high exposure, respectively. Details concern-
ing the animals, care, and exposures were
described by Mauderly et al. (29). The lungs
(eight per group; four of each sex) examined
for the present study were from rats exposed
for 24 months and sacrificed the day after
the last exposure. These lungs had been ﬁxed
via intratracheal instillation of 10% neutral
buffered formalin at a constant hydrostatic
pressure of 20 cm for 24 hr. These tissues
were chosen because they provided a large
range of particle exposures and lung bur-
dens. There were no lung tumors in the low-
exposure group in the bioassay. In the
medium-exposure group, there was an
increase in benign lung tumors. In the high-
exposure group, there was a significantly
increased incidence of malignant lung
tumors in the bioassay. At the medium- and
high-exposure concentrations, the rats accu-
mulated lung burdens of soot greater than
those that would be predicted from results in
the low-exposure concentration, suggesting a
decrease in particle clearance (29).
Human cases. The Institutional Review
Board of the Lovelace Respiratory Research
Institute certiﬁed that the project was exempt
from the requirements of Title 45, CFR Part
46, Protection of Human Subjects. The three
groups of human cases were referred to as
controls, low-dose coal miners, and high-
dose coal miners. These groups represented a
range of exposures to dusts from urban ambi-
ent levels to high occupational levels. The
urban ambient control group (ﬁve cases) was
composed of male, life-long nonsmokers who
were residents of Calgary, Alberta, Canada.
Calgary has a population of 850,000, and
jobs are predominantly white-collar or in
light industry. All five cases in the control
group were young, with ages ranging from
21 to 33 years (27.6 ± 5.0, mean ± SD).
Three had worked in ofﬁces, one as a security
guard, and one as a waiter. Only the latter
would have been exposed to signiﬁcant sec-
ond-hand cigarette smoke. Three individuals
died from natural causes involving the central
nervous system, one in an accident, and one
from a self-inflicted gunshot wound to the
head. The subjects were randomly selected
from the never-smoking male cases in the
control group for an epidemiologic study
concerning risk factors for sudden death
from asthma in the prairie provinces (30).
Left lungs were received fresh at autopsy and
inﬂated with 2.5% glutaraldehyde at 25 cm
of water pressure. Representative samples
were obtained from left upper and lower
lobes for histologic analysis.
The selection of miner cases was based on
a database search of materials in the National
Coal Worker’s Autopsy Study. The low-dose
miners (11 cases) were male underground
coal miners who were employed as miners at
the time of death and had died suddenly as a
result of accidents. They worked under the
current dust exposure standard of ≤ 2 mg
dust/m3 for 10–20 years and had an average
underground mining exposure of 14.1 ± 3.1
years (mean ± SD). The mean age for these
11 miners was 35.5 ± 4.8 years. The high-
dose miners (5 cases) were male underground
coal miners who were employed as miners at
the time of death (2 cases) or who had retired
from mining within 1–2 years of death
(3 cases). These individuals died from natural
causes involving the cardiovascular system or
neoplasia. They worked under the former dust
exposure standard of < 10 mg dust/m3 for
33–50 years and had an average underground
mining exposure of 40.0 ± 6.2 years. The
mean age for the high-dose miners was 63.4 ±
7.1 years. The miners in both groups were
never smokers. The terms “low-dose” and
“high-dose” miners are used to signify the two
groups of miners with different total exposures
to CD. In this classiﬁcation, “dose” refers to
the combined interactions of working under
different exposure concentration standards
and for different lengths of times. The lungs
from miners had been fixed at autopsy by
intra-airway instillation of 10% neutral
buffered formalin, and representative samples
of upper and lower lobes were obtained.
Before conducting the morphometric
study, 29 cases from miners that ﬁt the crite-
ria above were assembled. We examined the
histologic sections of lung, and cases were
excluded if the lungs exhibited characteristics
or lesions that had been established a priori as
criteria for exclusion. These exclusion criteria
were selected because they were thought to
possibly alter particle location or interfere
with accurate anatomic determination of par-
ticle location. The exclusion criteria consisted
of inadequate fixation (poor inflation or
autolysis such that accurate anatomic localiza-
tion of particles would be difﬁcult), marked
pulmonary edema, hemorrhage, pneumonia,
evidence of primary or metastatic lung
tumors, and lesions consistent with silicosis.
We excluded 13 cases based on these criteria.
Morphometry. The lung sections exam-
ined had been cut at 5 µm and stained with
hematoxylin and eosin. There were ﬁve sec-
tions of lung (one from each lobe) for each
rat and two to four sections of human lung.
We used the point-counting method of
planimetry (31) to estimate the volume den-
sity of particulate material in the lung sec-
tions and the volume percentage of the total
particulate material in defined anatomic
compartments of the lung. These compart-
ments are listed and deﬁned in Table 1. Ten
compartments were used for the human
lungs, and the corresponding eight compart-
ments were used for the rat lungs. These
anatomic lung compartments do not differ-
entiate between intracellular and extracellular
location of particles, which is not always pos-
sible to ascertain in parafﬁn sections of lung
tissue examined by light microscopy. For
example, particulate material within alveolar
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cellular in the alveolar lumen was counted as
particulate material in the alveolar lumen.
A systematic, random sampling scheme
was used to capture digitized images of the
lung using a 3-chip CCD camera (Optronix
Engineering, Coleta, CA, USA) interfaced to
an Olympus BH2-RFCA microscope
(Olympus America, Inc., Melville, NY, USA)
and a Macintosh Quadra 950 computer
(Apple Computer, Cupertino, CA, USA).
The images were captured using a 40×
microscope objective and projected onto the
computer monitor screen at a ﬁnal magniﬁ-
cation of 1280× . A sampling grid (Stereology
Toolbox, Davis, CA, USA) consisting of 64
points (low-exposure rats and human con-
trols) or 42 points (medium- and high-expo-
sure rats and low- and high-dose miners) was
superimposed over each image. We recorded
the number of points hitting particulate
material, the location of each point, and the
number of points hitting the lung section but
not hitting particulate material. The small
amount of particulate material in the low-
exposure group rats and the human controls
necessitated the greater sampling intensity
(more points per grid). The number of test
points for each rat or human case was deﬁned
as the total number of test points in the lung
(i.e., the sum of the points hitting particulate
material in the lung plus the points in the
lung not hitting particulate material).
The volume density of particulate mater-
ial in the lung, which is a volume ratio of
particulate material to lung, was calculated
for each rat or human case from the number
of points hitting particulate material divided
by the total number of test points × 100%.
These data are estimates of the relative
amount of retained particulate material in
the lung and can be thought of as a “lung
burden” in histologic sections.
The volume percentage of the total par-
ticulate material in a deﬁned anatomic com-
partment is a volume ratio of particulate
material in a compartment to total particu-
late material and was calculated for each rat
or human case from the number of points
hitting particulate material in a deﬁned com-
partment divided by the total number of
points hitting particulate material × 100%.
These data are estimates of the anatomic dis-
tribution of the retained particulate material.
Although particulate material was catego-
rized as being in 1 of 8 (rats) or 10 (humans)
specific anatomic compartments, the com-
partments were grouped into broader cate-
gories for statistical analyses. One broader
anatomic compartment was referred to as
parenchymal lumens and consisted of
lumens of alveolar ducts and alveoli in rats
and lumens of respiratory bronchioles, alveo-
lar ducts, and alveoli in humans. The other
broad anatomic compartment was referred
to as interstitium and consisted of all the
interstitial compartments (i.e., the remaining
compartments other than parenchymal
lumens and lumens of conducting airways).
To determine if the amount of material in
parenchymal lumens or the interstitium was
simply related to the size of the corresponding
luminal or interstitial compartment, we calcu-
lated the relative compartmental retention of
particulate material in rat and human lungs.
The relative compartmental retention was
calculated as the percentage of the particulate
material in parenchymal lumens or the inter-
stitium divided by the percentage of the lung
composed of parenchymal lumens or intersti-
tium. The expected ratio would be 1 if parti-
cles were uniformly and randomly scattered
throughout the lung. A ratio < 1 would mean
that there were few particles relative to the size
of the compartment, and a ratio > 1 would
mean that particles were more densely packed
into that compartment compared to other
parts of the lung.
Because the lungs from miners were not
ﬁxed at a constant hydrostatic pressure, dif-
ferences in degree of inflation could have
affected the results for the relative volume
densities of particulate material in the lungs
(i.e., volume of particulate material/volume
of lung). Thus, these data must be viewed as
only crude estimates of the amount of par-
ticulate material in the histologic sections.
However, differences in inﬂation would not
have affected the location of the particulate
material (i.e., percentage of total particulate
material in defined anatomic compart-
ments); thus, the differences would not have
affected the comparisons of particle location
across species (rat versus human) or within
species across exposure scenarios.
We determined the volume fraction of
the lung occupied by the various compart-
ments, as represented in these lung sections,
so that values obtained from these lung sec-
tions could be compared with normal values
to assess the lung inflation and sampling.
Using a systematic, random sampling scheme
and the same imaging system described
above, images were captured using a 10×
objective and projected onto the screen at a
ﬁnal magniﬁcation of 320× . A 42-point grid
was superimposed over each image, and the
number of points hitting each anatomic
compartment of the lung section was
recorded. We calculated the volume fraction
of the lung occupied by specific compart-
ments for each rat or human case from the
number of points hitting the compartment
divided by the total number of test points.
Because of the anatomic differences
between rat and human lungs, it was not pos-
sible to evaluate the sections while blinded to
species. However, because a randomly placed
test system of grid points was used to gener-
ate the morphometric data, the data are free
from selection bias by the morphometrist.
Statistical analyses. We used one-way
analysis of variance (ANOVA) to determine
if there were significant differences among
exposure (rats) or dose (humans) groups in
the volume density of particulate material in
the lungs. When the ANOVAs indicated that
the differences were significant, then the
Student-Newman-Keuls multiple compari-
son method was used to isolate the group or
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Table 1. Morphometric compartments for particle counts.
Point hitting particle in (1–10)
1. Pleura
Including associated connective tissue and lymphatics
2. Organized lymphoid tissue, e.g., intrapulmonary lymph nodes
3. Bronchovascular interstitium of conducting airways
Including airway walls, peribronchovascular connective tissue, and associated vessel walls. Includes lumens 
of lymphatics
4. Lumen of conducting airway
5. Interstitium of respiratory bronchiole (human)
Including respiratory bronchiolar wall, peribronchiolar and perivascular connective tissue, and associated 
vessel walls. Includes lumens of lymphatics
Not including septa of alveolar outpocketings
6. Lumen of respiratory bronchiole (human)
7. Interlobular and intersegmental connective tissue and perivascular interstitium
Includes interlobular and intersegmental connective tissue and lumens of lymphatics. Also includes 
perivascular adventitia and lymphatic capillaries surrounding pulmonary arterioles, veins, and venules not
associated with conducting airways or respiratory bronchioles
8. Septum of alveolar duct or alveolus
Including septa of alveolar outpocketings of respiratory bronchioles in humans
9. Lumen of alveolar duct or alveolus
10.Scar
An interstitial compartment with ﬁbroplasia (collagen) and distortion of the pulmonary architecture such
that the normal underlying associated structure could not be identiﬁed
11.Point hitting lung section but not hitting a particle
For each ﬁeld, points hitting the lung section (test points) were counted in one of 11 categories. Thus, total points hitting
the lung section, total points hitting particles, and points hitting particles in each deﬁned lung compartment could be
calculated.groups that differed from the others. To
determine any differences among exposure or
dose groups in the distribution of particulate
material in the parenchymal lumens versus
the interstitium, we compared the difference
between the portion in the lumen and inter-
stitium across groups by ANOVA. If the
ANOVAs indicated significant differences,
then the Student-Newman-Keuls multiple
comparison method was used to isolate the
group or groups that differed from the oth-
ers. To determine any signiﬁcant differences
between the portion of particulate material
in the parenchymal lumens or interstitium,
we used paired t-tests. Similarly, to deter-
mine if exposure or dose groups differed in
the relative compartment retention of par-
ticulate material in the parenchymal lumens
versus the interstitium, the difference
between relative compartment retention of
particulate material in the lumen and inter-
stitium was compared across groups by
ANOVA. The ANOVAs did not detect sig-
nificant differences across groups, so the
groups were pooled, and paired t-tests were
used to determine if any differences
between the relative compartment retention
of particulate material in the parenchymal
lumens or interstitium were significant.
The signiﬁcance level was set at p < 0.05 for
all statistical tests.
Results
Qualitative assessment of particle location.
Histopathologic findings in rats exposed to
diesel exhaust at these concentrations have
been described (29). Qualitative light micro-
scopic examination of the rat lungs to assess
the distribution of the retained particulate
material showed that the soot particles were
mostly located in alveolar macrophages
within alveolar and alveolar duct lumens
(Figure 1) in all three exposure groups. Some
of the particulate material in alveolar and
alveolar duct lumens was extracellular.
Compared to the amount of the total partic-
ulate material that was in lumens, less of the
particulate material was in the interstitium. It
was not always possible to discern the intra-
cellular versus extracellular location of the
interstitial soot based on the light micro-
scopic examination of the 5-µm sections.
However, much of this material appeared to
be within macrophages.
Histopathologic ﬁndings in lungs of coal
miners have been described in detail (32).
Qualitative assessment of CD location in the
lung sections showed that most of the
retained particulate material was located in
the interstitium (Figure 2) in miners from
both CD exposure groups. The degree of
interstitialization of particulate material was
most pronounced in the high-dose miners.
Similar to the ﬁndings in rats, the particulate
material that was in alveolar and airway
lumens was mostly within macrophages.
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Figure 1. Lung sections from rats exposed to diesel exhaust. (A) rats exposed to low concentrations of diesel exhaust. (B) Rats exposed to high concentrations of
diesel exhaust. Regardless of exposure concentration, most of the particulate material is located in macrophages in the lumens of alveoli and alveolar ducts.
Arrows point to particulate material in the interstitium.
Figure 2. Lung sections from coal miners. Most of the particulate material is located in the interstitium in (A) low-dose and (B) high-dose miners. Arrows point to
material in lumens.Again, the intracellular versus extracellular
location of the interstitial soot was fre-
quently difﬁcult to discern based on the light
microscopic examination of the 5-µm sec-
tions. Much of the material was clearly
located within macrophages, but other CD
particles seemed to be extracellular.
Morphometry. To determine if exposure
had caused signiﬁcant changes in the propor-
tion of the lung composed of the major
compartments used in the analyses in this
study, the difference between the percentage
of the lung composed of parenchymal lumens
and the percentage composed of interstitium
was compared across exposure groups of rats
using ANOVA. The three exposure groups
did not differ signiﬁcantly. To assess the sam-
pling of lung tissue (i.e., parenchymal tissue
versus nonparenchymal tissue), we compared
data from these rats with published data. For
the rats in this study, the mean volume frac-
tion of alveolar parenchyma (alveolar air and
alveolar septa and parenchymal scars) was
88% of the total lung. This value is similar to
that reported for normal F344 rats of 82% for
the volume fraction of alveolar parenchyma in
the lung (16).
To determine if exposure had caused sig-
nificant changes in the proportion of the
lung composed of the major compartments,
the difference between the percentage of the
lung composed of parenchymal lumens and
the percentage composed of interstitium was
compared across the three human dose
groups using ANOVA. The three dose
groups were not significantly different,
although there was a tendency for an increas-
ing amount of the lung to be composed of
interstitial tissue with increasing dose. The
interstitial compartment composed 32, 37,
and 44% of the lung in the controls, low-
dose, and high-dose miners, respectively.
There was a corresponding tendency for a
decreasing proportion of the lung to be com-
prised of parenchymal lumens as the dose
increased. Again, we compared parenchymal
versus nonparenchymal tissue to assess the
inflation and sampling of the lungs. In the
human lung sections, the mean volume frac-
tion of alveolar parenchyma was 85% of the
total lung and was not different across
groups. The volume fraction of alveolar
parenchyma is 85–90% of the total human
lung fixed under physiologic conditions
(33). These results suggest that the sampling
was representative of the human lung and
the degree of inflation was similar across
groups. Overall, these results suggest that the
values for volume density of particulate
material in the lungs can be accepted as rea-
sonable estimates.
Volume densities of particulate material.
The volume densities of particulate material
in the lungs of rats exposed to the low,
medium, and high concentrations of diesel
exhaust are shown in Figure 3. The volume
density of particulate material in the lung
increased significantly with each exposure
concentration. The volume densities of par-
ticulate material in the human lungs at differ-
ent exposure concentrations of CD are shown
in Figure 4. The volume density of particulate
material increased with dose and was signiﬁ-
cantly greater in the high-dose than in the
low-dose or control groups. These data illus-
trate that for both species, the groups exam-
ined represent not only a range of exposure
concentrations from low to high, but that the
amount of material retained in the lung also
differs significantly across exposure groups.
Thus, examination of these cases was appro-
priate to the goal of determining the inﬂuence
of exposure concentration or lung burden on
the anatomic location of retained particles in
the lungs of rats and humans.
Distribution of particulate material. In
the three groups of rats, approximately
81–85% of the particulate material was
located in alveolar and alveolar duct lumens
either within macrophages or extracellularly.
Seven to 12% of the particulate material was
located in alveolar and alveolar duct septa,
and the remaining material was scattered
among the interstitial compartments, with no
single compartment containing more than
3% of the particulate material. The lumens
of the conducting airway contained no more
than 0.3% of the particulate material.
Figure 5 shows the effect of exposure con-
centration on the distribution of particulate
material in the rat lungs. There were no sig-
nificant differences among exposure groups
in the distribution of particulate material in
parenchymal lumens and interstitium. In all
three groups of rats, the portion of the partic-
ulate material in the parenchymal lumens was
signiﬁcantly greater than the portion in the
interstitium. Thus, the tendency of the rat to
retain particles primarily in macrophages
located in alveolar and alveolar duct lumens is
not only seen in low-exposure groups but also
when macrophage-mediated clearance is over-
loaded.
In the human lungs, approximately
57–91% of the particulate material was
located in the interstitium. In the controls,
the interstitial compartments with the great-
est amount of particulate material were the
alveolar and alveolar duct septa; the interlob-
ular, intersegmental, and perivascular con-
nective tissue; and the pleura. These
compartments contained 27, 16, and 6% of
the retained particulate material, respectively.
In the low-dose miners, the interstitial
compartments with the greatest amount of
particulate material were the interlobular,
intersegmental, and perivascular connective
tissue; the alveolar and alveolar duct septa;
the interstitium of respiratory bronchioles;
and the pleura. These compartments con-
tained 26, 22, 8, and 6% of the retained par-
ticulate material, respectively. In the
high-dose miners, the interstitial compart-
ments with the greatest amount of particulate
material were the interlobular, intersegmental,
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Figure 3. The volume density (mean ± SE) of particulate material in rat lungs at
different diesel soot exposure concentrations. The volume density of particu-
late material increased signiﬁcantly with each dose. 
*Significantly different from low exposure group. #Significantly different from medium
exposure group.
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Figure 4. The volume density (mean ± SE) of particulate material in human lung
sections at different particle exposure concentrations. 
*The volume density of particulate material was signiﬁcantly greater in the high-dose than
in the control group.
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(33–50 years)and perivascular connective tissue; scars; the
alveolar and alveolar duct septa; the pleura;
bronchovascular interstitium of conducting
airways; and the interstitium of respiratory
bronchioles. These compartments contained
27, 26, 17, 10, 6, and 6% of the retained
particulate material, respectively. Nine to
43% of the particulate material was in the
parenchymal lumens in the human lungs,
and almost all of this material was in the
lumens of alveoli and alveolar ducts. No
more than 2% of the retained material was in
the lumens of respiratory bronchioles and
conducting airways (combined).
Two of the high-dose miners were
employed as miners at the time of death, and
three were recently retired. Eighty-six and
94% of the particulate material was located in
the interstitium of the two active high-dose
miners, and 88, 93, and 97% of the particu-
late material was located in the interstitium of
the retired high-dose miners. Because of the
similarities between the active and recently
retired high-dose miners, they were consid-
ered together in the following analyses.
Figure 6 shows the effect of exposure con-
centration or lung burden on the distribution
of particulate material in the human lung sec-
tions. A significantly greater portion of the
particulate material was distributed in the
interstitium versus the parenchymal lumens
in the high-dose than the low-dose miners or
controls. The portion of the particulate mate-
rial in the interstitium was significantly
greater than the portion in the parenchymal
lumens in the low-dose and high-dose miners.
Although there was a tendency for more par-
ticles to be in the interstitium in the controls,
the difference was not signiﬁcant.
Relative compartmental retention. We
calculated the relative compartmental reten-
tion to normalize the amount of material in
each compartment to the size of the compart-
ment. The relative compartmental retention
of particulate material in rat lungs was simi-
lar across groups in rats (Figure 7). Across all
three groups, the amount of particulate
material in lumens relative to the size of the
luminal compartment was significantly
greater than the comparable ratio for the
interstitium. These data suggest that retained
particles or retained particles within
macrophages are not randomly distributed
within the lung such that the amount in a
given compartment simply reﬂects the size of
that compartment. Instead, particles are
retained in parenchymal lumens to a greater
extent than in the interstitium, even when
the fact that more of the lung is composed of
parenchymal lumens is considered.
The relative compartmental retention of
particulate material in the human lung sec-
tions was similar across dose groups (Figure
8). The amount of particulate material in the
interstitium relative to the size of the intersti-
tial compartment was significantly greater
than the comparable ratio for the lumens in
all three human dose groups. These data show
that the particulate material is more densely
packed in the interstitium than in the lumens
of humans. In addition, these data show that
although a signiﬁcantly greater portion of the
particulate material was distributed in the
interstitium in the high-dose than the low-
dose miners or controls (Figure 6), the ten-
dency for a greater amount of interstitial
tissue in the high-dose miners resulted in a
similar relative compartmental retention
across dose groups. In other words, the inter-
stitial compartment expanded in proportion
to the increased interstitial particles.
Discussion
Ideally, one would like to compare particle
location across a range of exposures using the
same particulate material in rats and humans
and with data for exposure concentrations
and lung burdens in the humans as well as in
the rats. Materials that would allow such an
experimental design were not available.
However, we have shown that for retained
diesel soot and CD in rats and monkeys, the
anatomic pattern of particle retention is char-
acteristic of the species and does not differ
between diesel soot and CD (28). Therefore,
these exposures and tissues were chosen as
the best available to allow the influence of
particle “dose” on the pattern of particle
retention to be examined in rat and human
lungs. Because exposure and lung burden
data were not available for the human cases,
we used urban ambient controls and miners
who worked under different exposure stan-
dards and for differing amounts of time
underground to establish three dose groups.
The available data for the rats and human
cases and the volume densities of particulate
material in the lung sections show that this
study design did allow comparisons of parti-
cle retention across a wide range of exposure
concentrations and resultant lung burdens.
Both the qualitative and quantitative
examination of histologic sections of rat
lungs show that chronically inhaled diesel
soot is retained predominantly in alveolar
macrophages in parenchymal lumens of rats
over a wide range of exposure concentrations
and resultant lung burdens. Over the range
of exposure concentrations examined,
0.35–7.0 mg/m3, the exposure concentra-
tion did not significantly influence the
anatomic sites of particle retention.
Interstitialization of soot particles in
diesel soot-exposed rats has often been
noted as duration of exposure increases and
at high exposure concentrations (9,34,35).
Accumulation of particles in the intersti-
tium has been called a key feature of the
lung overload phenomenon (36). The pre-
sent study shows that interstitialization of
particles is not unique to exposures associ-
ated with lung clearance overload in rats.
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Figure 5. The distribution of particulate material (mean ± SE) in lungs of rats
exposed to diesel soot at different concentrations. 
*The portion of the particulate material that was located in parenchymal lumens was sig-
niﬁcantly greater than the portion in the interstitium in all three dose groups and did not
vary with exposure concentration or resultant lung burden.
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Figure 6. The distribution of particulate material (mean ± SE) in human lung
sections at different doses. 
*The portion of the particulate material in the interstitium was signiﬁcantly different than the
portion in the parenchymal lumens in the low-dose and high-dose miners. #The distribution
of particulate material in the interstitium versus the lumens was signiﬁcantly greater in the
high-dose miners than in the low-dose miners and controls.The anatomic pattern of particle retention
in rats does not switch to a new pattern as
the lung burden switches from one not asso-
ciated with slowing of clearance to one asso-
ciated with clearance overload. The data
show that, as the amount of retained mater-
ial increases, the amount retained in the
parenchymal lumens and in the interstitium
both increase and in approximately the
same proportion.
At low lung burdens, the amount of par-
ticulate material in the interstitium (approxi-
mately 20% of a small total) is easily
overlooked in qualitative observations. At
high lung burdens, this 20% is readily noticed
and described by pathologists. This may have
led to the impression that interstitialization is
a new phenomenon that is especially signiﬁ-
cant to lung clearance overload. The present
study is a reminder that in lung clearance
overload in the rat, the total lung burden pro-
gressively increases as the amount in the
parenchymal lumens also progressively
increases. The importance of this large
amount of retained material should not be
discounted merely because it is not a newly
observed phenomenon.
The present study does not address the
mechanism of interstitialization in either
species. Direct penetration of particles into
the interstitium, movement of particle-con-
taining macrophages into the interstitium,
and incorporation into the interstitium as a
consequence of alveolar collapse and ﬁbrosis
(32,34,35,37) are all possibilities. Indeed,
the predominant mechanism may change as
the lung burden and particle-associated
pathology changes.
In nonminers and coal miners, chroni-
cally inhaled particulate material is retained
primarily in the interstitium. The portion of
the retained material in the interstitium is
related to dose expressed as exposure concen-
tration, years of exposure, and/or lung bur-
den. As the amount of retained material in
the interstitium increases, the size of the inter-
stitial compartment increases and corresponds
to the diagnosis of pulmonary ﬁbrosis. This
ﬁbrosis is a frequently described component
of coal workers’ pneumoconiosis.
The high-dose miners had a signiﬁcantly
greater volume density of particulate mater-
ial and a greater portion of the retained
material in the interstitium than the low-
dose miners and controls. In this study,
“dose” or the amount of particulate material
in the lung was a consequence of both the
exposure concentration and years worked
underground. The study design does not
allow the contributions of exposure concen-
tration versus time to the greater interstitial-
ization in the high-dose miners to be
differentiated. In addition, the study design
does not allow the contributions of other
confounding factors such as geographical
differences or cause of death to the greater
interstitialization of particles in the high-
dose miners to be determined.
This morphometric examination of
long-term sites of particle retention shows
that the anatomic distribution pattern of
retained particulate material differs between
rat and human lungs. This difference in dis-
tribution means that different lung cells are
predominantly in contact with the particles
or particle-containing macrophages in rats
and humans, which suggests that responses
may differ between the two species.
The present study suggests that the 80%
of the particulate material retained in alveolar
macrophages or extracellularly in parenchy-
mal lumens may be key to the pathologic
sequelae of lung clearance overload that are
oriented to the luminal surface in rats. Such
sequelae to lung clearance overload that are
observed with exposure to diesel soot or a
number of poorly soluble particles include
acute and chronic inflammation, epithelial
hyperplasia, alveolar-bronchiolar and
squamous metaplasia, and epithelial neopla-
sia. These epithelial responses could be due
to direct contact with particles or to
cytokines and growth factors released by par-
ticle-laden macrophages. In contrast, in
humans with long-term particle retention,
the cells in closest contact with particles or
cytokines from the majority of the particle-
containing macrophages are mesenchymal
cells, and fewer are epithelial cells.
Volumetric loading of macrophages,
their subsequent inability to move, and
their release of proinflammatory cytokines
are key to the overload response (38).
Monkey and human macrophages have two
times and five times the volume of rat
macrophages, respectively (39). This sug-
gests that rat macrophages may be more
sensitive to overload and more likely to
trigger the associated responses than mon-
key or human macrophages. This differ-
ence, combined with the difference in
location of particles or macrophages con-
taining particles, may partially account for
the tendency of rats to respond to poorly
soluble particles with more chronic inflam-
mation and epithelial responses and rela-
tively less fibrosis. In contrast, humans
respond to the same or similar particles
with more fibrosis and less inflammatory
and epithelial response (40,41). Of course,
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Figure 7. The relative compartmental retention of particulate material (mean ±
SE) in the lungs of rats exposed to diesel soot at different concentrations. The
relative compartmental retention was calculated as the percentage of the par-
ticulate material in a given compartment divided by the percentage of the lung
composed of that compartment. In rats, the relative compartmental retention
of particles was similar across exposure groups. The amount of particulate
material retained in parenchymal lumens relative to the size of the luminal
compartment was signiﬁcantly greater than the comparable ratio for the inter-
stitium in all groups (combined). These results show that in rat lungs, particles
are retained in parenchymal lumens disproportionately to the amount of the
lung composed of parenchymal lumens.
Figure 8. The relative compartmental retention of particulate material (mean ±
SE) in human lung sections. The relative compartmental retention was calcu-
lated as the percentage of the particulate material in a given compartment
divided by the percentage of the lung composed of that compartment. The rel-
ative compartmental retention of particles was similar across dose groups.
The amount of particulate material in the interstitium relative to the size of the
interstitial compartment was significantly greater than the comparable ratio
for the lumens in all groups (combined). These results show that in human
lungs, particles are retained in the interstitium disproportionately to the
amount of interstitium in the lung.
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3.5 7.0other factors may contribute to the differ-
ences in responses between rats and
humans. Such factors might include differ-
ences in amounts of various cytokines and
growth or chemotactic factors, differences
in oxidant generation and antioxidant
defenses, and differences in the responsive-
ness of epithelial cells and fibroblasts to
stimulation.
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